ABSTRACT: Records on final BW (kg), backfat depth (cm), and LM area (cm 2 ) of pigs from a University of Nebraska Large White/Landrace composite population were analyzed to estimate the effects of pen mates. Measurements were at approximately 180 d of age for 3,524 pigs in 351 pens (9 to 11 pigs per pen) farrowed from 1999 to 2005. The area of each pen was 8.13 m 2 . The full model (M1) included the fixed effects of contemporary group, sex, line, and the covariates of age and inbreeding coefficient, and included random direct genetic, genetic pen-mate, permanent environmental, pen, litter, and residual effects. A derivativefree algorithm was used to obtain REML estimates of variance components for final BW adjusted to 180 d of age with M1 and 7 reduced models, and with 4 reduced models for the carcass traits. For final BW, likelihood ratio tests showed that M1 did not fit the data better than model 2 (permanent environmental effect omitted from M1) or model 3 (pen omitted from M1). Model 2 was not significantly (P > 0.05) better than model 3, which shows that variance attributable to pen effects and permanent environmental effects cannot be separated. Large sampling variances of estimates of the pen component of variance for models with pen-mate effects also indicate an inability to separate pen effects from the effects of pen mates. When pen-mate genetic effects were not in the model, estimates of components of variance and the fit of the data were the same for models 4 (included both permanent environmental and pen effects), 6 (included pen effects), and 7 (included permanent environmental effects), which shows that including both pen and permanent environmental effects was no better than including one or the other. Models 4, 6, and 7 were significantly better than model 8, which did not include pen-mate effects and pen effects, implying that pen effects are important. The estimate of pen variance with model 2 was approximately (number of pen mates − 1) times the estimate of variance of pen-mate permanent environmental effects with model 3. Patterns of estimates of variance components with models 2, 5, 6, and 8 for backfat depth and LM area were similar to those for final BW. Estimates of direct genetic variance and phenotypic variance were similar for all models. Estimates of heritability for direct genetic effects were approximately 0.40 for final BW, 0.45 for backfat depth, and 0.27 for LM area. Estimates of heritability for pen-mate genetic effects were 0.001 for the 3 traits for models including either pen or permanent environmental effects. Under the management conditions for this experiment, the conclusion is that the model for genetic evaluation should include litter effects and either pen effects or pen-mate permanent environmental effects and possibly genetic pen-mate effects, in general agreement with the results of studies of different populations at other locations.
INTRODUCTION
If pen-mate effects (associative, competition, social, social interaction) negatively or positively affect group performance, then pen-mate effects might need to be included in models for genetic evaluation or for planning selection programs, even if the variance attributable to competition effects is quite small (Muir, 2005) . Federer (1955) defined competition effects as "the effect of one individual or set of individuals upon another individual or set of individuals" and used pens of pigs as an example. Griffing (1967) developed theoretical methods for plant breeding programs with competitive interactions. Frank et al. (1997) found that pen size (1 vs. 5 pigs/pen) affected ADG of growing-finishing swine. Muir and Schinckel (2002) developed mixed model equations including associative effects and proce-dures for predicting both direct and associative genetic effects (BLUP) . They used that model to investigate the impact of associative effects on the productivity of Japanese quail. Muir (2005) later estimated genetic parameters for Japanese quail for 6-wk BW. The authors concluded that breeding programs that combine both direct and associative effects can significantly increase total response to selection.
Van Vleck and Cassady (2004a,b, 2005) showed by simulation that REML could be used to estimate genetic parameters for a model with competition effects. They also concluded that estimates of other (co)variance components could be biased if either pen or competition effects were ignored. Arango et al. (2005) , using models that included competition effects, estimated variance components for the growth of Large White growing gilts and found small estimates of variance due to competition effects. Chen et al. (2006 Chen et al. ( , 2008 also reported small estimates for 4 different lines of swine. Bergsma et al. (2008) compared a traditional animal model including random pen effects for finishing traits of pigs with a model including social genetic effects. They reported small but significant social genetic effects on growth rate and feed intake. They emphasized the importance of economic weighting of the social genetic effect of an animal by (number of pigs in the pen − 1) relative to 1 for the direct genetic effect (Muir, 2005) . Muir and Bijma (2006) reviewed previous analyses of competition effects for various plant and animal species and showed how analyses with models including associative effects can be done with mixed model methods using additive relationships among the animals. They concluded that associative effects might be incorporated in models used for genetic evaluations.
The objective of this study was to examine the effects of pen mates on final BW, backfat depth, and LM area of swine in a population with a different selection history and a different management system from those in previous studies (Cassady and Van Vleck, 2004; Arango et al., 2005; Chen et al., 2006 Chen et al., , 2008 Bergsma et al., 2008) . Estimates of direct genetic, pen-mate genetic, pen-mate permanent environmental, and pen components of variance were compared for 8 statistical models for final BW and 4 models for carcass traits. The results may help determine if total response can be increased by considering pen-mate effects in selection programs.
MATERIALS AND METHODS
This research was approved by the University of Nebraska Institutional Animal Care and Use Committee.
Population and Phenotypic Data
Final BW (kg) and real-time ultrasound measurements of backfat depth and LM area at approximately 180 d of age were available for pigs born from 1999 through 2005 at the University of Nebraska Agricultural Research Development Center Swine Research Farm. The pedigree file included 61,151 animals from lines developed from a Large White/Landrace composite population. Final BW were available on 3,524 pigs in 351 pens (9 to 11 pigs per pen). Measures of backfat depth and LM area were available on 3,512 pigs.
The 11 lines of Large White/Landrace composite pigs used for this study were described by Johnson et al. (1999) , Ruiz-Flores and Johnson (2001) , , and . The 11 lines, including control lines, have been under development and admixture since 1981 (25 generations). Lines were selected mostly for reproductive traits (ovulation rate, litter size, live pigs born per litter, and birth weight), with some later selection for increased growth rate, decreased backfat depth, and increased LM area.
Each year had 2 seasons of farrowing: a summer season (end of July to beginning of September) and a winter season (end of January to end of March). The summer seasons included 6 different lines (Lines 1, 2, 16, 18, 24, and 28) . The winter seasons included 5 different lines (Lines 4, 5, 6, 45, and 61) . Lines are nested within summer and winter seasons but are connected through additive relationships. The same technician (1 of 2) weighed and scanned all pigs within each contemporary group (year and season of birth) at an average of approximately 180 d of age. Backfat depth and LM area were measured at the 10th rib approximately 6.35 cm off the midline by real-time ultrasound (Aloka 500V real-time ultrasound instrument equipped with a 3.5-MHz, 17-cm linear transducer, Corometrics Medical Systems Inc., Wallingford, CT). Usually, pigs within the same contemporary group were weighed and scanned within 2 or 3 d of the same age. Pigs in the same pen were weighed and scanned on the same day, but average age at final BW was not the same for all pens.
Pigs were moved from nurseries to pens at approximately 60 d of age for their growth test. Pigs were assigned to pens by age and sex (males, n = 1018; females, n = 2,508 
Statistical Models and Analyses
Eight statistical models were compared to test differences in models for estimation of genetic parameters. All models included fixed effects of contemporary Hsu et al. group, sex, and line, with linear covariates for age at final BW and inbreeding coefficient. With the full model (M1), estimates of linear regression coefficients (null hypothesis of 0.00) for final BW, backfat depth, and LM area on age at final BW were 0.341 ± 0.029 (P < 0.05), 0.005 ± 0.001 (P < 0.05), and 0.076 ± 0.011 (P < 0.05), and estimates of linear regression coefficients for final BW, backfat depth, and LM area on the inbreeding covariate (fraction) were −27.062 ± 9.625 (P < 0.05), −0.558 ± 0.389 (P > 0.05), and −9.701 ± 3.343 (P < 0.05). Both covariates were included in all models. Estimates of line effects were significantly different (P < 0.05, F 0.05,10 = 1.831). The effect of fostering was not included in the model because of the small fraction fostered soon after birth (approximately 7%). Random effects in M1 were direct (a) and penmate genetic (pg), pen-mate permanent environmental (pe), pen, litter (lit), and residual (e). The model for each record included the sums of pen-mate genetic and pen-mate permanent environmental effects. The other 7 models did not include some of the random effects in M1, as indicated by the estimates in Table 1 .
The 3 MTDFREML programs were used for the calculations (Boldman et al., 1995) . The MTDFNRM program was used for computing the inverse of the additive relationship matrix for all animals in the pedigree (Henderson, 1976; Quaas, 1976) and relationships among pen mates from the complete pedigree file as derived by Quaas (1976) . The average relationship among pen mates was 0.30, with a range of 0.12 to 0.68. For a model with a maternal genetic effect in the design vector for the record of an animal, as with other factors, there is a single one corresponding to the maternal (second animal) genetic effect. The modification of the data preparation program, MTDFPREP, allows for more than one second-animal genetic effect (the penmate effects). The design vector for a record with the full pen-mate effects model includes (n − 1) ones corresponding to pen-mate genetic effects and (n − 1) ones corresponding to pen-mate permanent environmental effects (Van Vleck and Cassady, 2004a,b) . The MTD-FRUN program was used to obtain REML estimates (Patterson and Thompson, 1971 ) of (co)variance components using a derivative-free algorithm (Smith and Graser, 1986) based on the augmented mixed model equations of Henderson (Henderson et al., 1959; Henderson, 1963 Henderson, , 1977 . Sampling variances of estimates of (co)variances were obtained from the inverse of the average information matrix (Johnson and Thompson, 1995; Dodenhoff et al., 1998) . Different starting values for variance components for pen-mate genetic, pen, pen-mate permanent environmental, and litter effects and direct pen-mate genetic covariance were used to determine if an analysis for a model would converge to the same estimates, logarithm of the likelihood, or both. Different sets of starting values should result in the same estimates of variance components, unless there is confounding of effects that prevents separation of some variance components. The difference in minus twice the logarithm of the restricted likelihood (−2 logL) for pairs of models is distributed as chi-square with degrees of freedom being the difference in number of variance parameters estimated and was used to compare models. Estimates of variance components and −2 logL (as a difference from M1) with the 8 statistical models for final BW at 180 d (kg) are given in + + (e.g., Bijma and Muir, 2006) . With the assumption r is 0.00, and n of the phenotypic variance with M1 for final BW was 114.4 kg 2 . The phenotypic variance for M1 was 117.7 kg 2 when r was assumed to be 0.30. Therefore, phenotypic variances were calculated assuming the relationship between pairs of pen mates was 0.30. When the model did not include pen-mate permanent environmental effects but did include pen effects (model 2; M2), the estimates of the other variance components changed only slightly. There was no difference in −2 logL between M1 and M2, which means the model without random pen-mate permanent environmental effects provided a similar fit to the data as M1. Estimates of the other variance components and their sampling variances changed very little.
RESULTS AND DISCUSSION
When the model did not include pen effects but did include pen-mate permanent environmental effects (model 3; M3), the estimate of σ pe 2 increased considerably. Chi-square tests did not provide evidence (P > 0.05) of a statistically significant difference between M1 and M3 or between M2 and M3. The estimates from M1, M2, and M3 suggest that the models are equivalent because of complete or almost complete confounding of pen and pen-mate permanent environmental effects, as found in other studies (e.g., Chen et al., 2006 Chen et al., , 2008 Bergsma et al., 2008 (2008) . The sampling variance of the estimate of the litter component of variance was less than with M1, M2, and M3, but was greater than with M4. Differences in likelihoods between M1 or M2 or M3 and M5 were statistically significant (P < 0.01). Model 4 was also significantly (P < 0.05) better than M5, which again indicates pen or pen-mate permanent environmental effects are needed in the model. When all pen-mate effects were dropped from the model (model 6; M6), estimates of components of variance and likelihoods were the same as with M4, for which the estimate of the pen-mate permanent environmental component of variance rounded to zero. The Hsu et al. sampling variances for the components of variance associated with pen and litter effects, however, were considerably smaller with M6 than with M4.
As with M2 and M3, M6 and model 7 (M7) seem to be equivalent models in that pen and pen-mate permanent environmental effects accounted for similar proportions of total variance (Bergsma et al., 2008; Chen et al., 2008) . When all pen-mate and pen effects (pg, pe, and pen) were dropped from the model (model 8; M8), estimates of σ a 2 , σ lit 2 , and σ e 2 were inflated, especially σ e 2 .
Chi-square tests comparing M8 with M6 and M7 provide strong evidence (P < 0.01) of the importance of pen effects, whether because of pen-mate permanent environmental effects or an actual pen effect. Pen-mate permanent environmental effects may account for variation usually attributed to pen effects, at least for the management applied to pigs with records in this study. The estimates of the variance of pen effects for models without pen-mate permanent environmental effects are approximately (n − 1) times the estimate of the variance of pen-mate permanent environmental effects when pen effects are not in the model, where n is the number of pen mates in a pen (e. g., Van Vleck et al., 2007; Bergsma et al., 2008; Chen et al., 2008) .
Estimates of variance components with 4 statistical models (M2, M5, M6, and M8) for backfat depth at 180 d (cm) are given in Table 2 and those for LM area at 180 d (cm 2 ) are given in Table 3 . The carcass traits were not adjusted for BW at measurement because the genetic portion of final BW might account for some of the genetic variation in the carcass traits, depending on the genetic correlations. Models for carcass traits in multiple trait analyses with final BW would not include final BW as a covariate. Analyses of backfat depth and LM area did not show evidence of important pen-mate effects. Pen effects, however, were important. Changes in estimates of variance of pen-mate genetic effects and covariance with the direct genetic effects when pen effects were not in the model were similar to those for final BW.
With M6, the estimate of heritability of direct genetic effects for final BW (0.40) was larger than for backfat depth (0.45) but was smaller than for LM area (0.27). The fractions of phenotypic variance accounted for by the pen component of variance with M6 were similar for final BW (0.052), backfat depth (0.045), and LM area (0.079). The fraction of phenotypic variance accounted for by the litter component of variance with M6 for both backfat depth (0.033) and LM area (0.048) was smaller than for final BW (0.073). Bergsma et al. (2008) suggested that total heritability, defined as the ratio of variance of total breeding value [TBV = direct genetic effect + (n − 1) × social interaction genetic effect] to phenotypic variance of the trait could be used a measure of heritable variation, with TBV as defined by Bijma et al. (2007a,b) . This concept is similar to the example by Willham (1963) of regression of total genetic value (direct + maternal effect) on phenotype of the trait. However, as pointed out by Ellen et al. (2007) , this definition of heritability does not represent the potential for genetic improvement, but the square root of the numerator does. For any definition of TBV, whether one trait is imbedded in another or involves several traits, the expected total selection response is proportional to the square root of the variance of the best linear predictor of TBV or, equivalently, the product of accuracy of predicting TBV and the square root of the variance of TBV (Henderson, 1963; Van Vleck, 1993; Ellen et al., 2007) . In this study, the SD of TBV was greater than the direct genetic SD by approximately 10% for final BW and backfat depth and by approximately 5% for LM area. The relative importance of direct genetic and pen-mate genetic effects could be obtained from the sum of the expected correlated response for direct genetic breeding value and the expected correlated response for pen-mate breeding value multiplied by (number of pen mates − 1), if variances and covariances are known (e.g., Bergsma et al., 2008) . Empirical responses to selection of the top 10% for predicted TBV were calculated by Chen et al. (2009) using variance estimates from each of 4 lines. They reported losses in TBV of 0.2 to 8.8% attributable to ignoring pen-mate genetic effects for 3 of 4 lines. Loss in the other line was 76.9% because of a large negative estimate of the genetic correlation between direct genetic and pen-mate genetic effects. This study was different from several previous studies of lines from breeding companies; prior selection had been generally for reproductive traits rather than for growth and management may have been more uniform, as suggested by the greater estimates of direct heritability for the BW and carcass traits than reported by Bergsma et al. (2008) . The results show that either pen or pen-mate permanent environmental effects should be included in models for genetic evaluation under the management conditions for this experiment (e.g., lines, number per pen, pen area, and feeding method), which is just one among many possible management systems. Statistical calculations are less complicated with pen effects than with pen-mate permanent environmental effects. This study, as with others (Cassady and Van Vleck, 2004; Arango et al., 2005; Bergsma et al., 2008; Chen et al., 2008) , found small estimates of variance attributable to pen-mate effects for growth in pigs, Bergsma et al. (2008) , however, demonstrated for their testing program that even relatively small components of variance for genetic pen-mate effects may result in a greater total response from selection than for direct genetic effects alone. However, the importance of pen-mate genetic effects may be dependent on the management system, genetic background, and structure of relationships, which may be quite different in commercial systems from those of seed stock producers. If genetic pen-mate effects were found to be important in a testing program, models with pen-mate effects might improve predictions of breeding values for direct genetic effects and for pen-mate genetic effects expressed on commercial farms, although that hypothesis could not be tested in this study. Study of the question of whether a pen-mate effects model for records from testing programs of breeding companies will improve direct genetic and pen-mate genetic responses in commercial farms is needed. A practical limitation of analyses with models including pen-mate effects is that results cannot necessarily be extrapolated to management systems with different numbers of pigs per pen or projected to different management systems.
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